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ABSTRACT 
The previously developed technique for silicon crystallinity 
enhancement in silicon films deposited a t  low temperature is 
applied to graphite substrates. The measur  ,d increase in silicon 
crystallinity is comparable to that observed ear l ie r  using a quartz 
substrate. The distribution of aluminum in  the silicon f i l r - ls  is 
determined using Auger spectroscopic depth profiling. C a r b m  
diffusion from the substrate into the silicon film is shown to be 
negligible a t  a substrate temperature of 600 O C .  
In a previous paper we have shown a technique to enhance silicon 
crystallinity a t  low substrate temperatures for vacuum deposited silicon thin 
film;. 
pr ior  to silicon deposition. 
limit of 5p for the silicon grain size. 
etched fi lms further show that silicon grains a s  large as 200p a r e  produced. 
An ultrathin Si-Al-Si ( 1 0 0 ~ - 5 0 0 ~ - 1 0 0 ~ )  sandwich coating was used 
The silicon fi lms thus deposited show a lower 
Optical microscopic measurement of the 
2 
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In this work the same technique is applied to graphite substrates. Graphite 
is chosen because of i ts  desirable properties a s  a substrate material for silicon 
thin film solar cells. 
graphite a t  high temperature showed significant diffusion of silicon and carbon 
into each other and the formation of silicon carbideO3 Later work showed that, 
Earlier work in which s i l icm films were deposited on 
2 a t  a substrate temperature below 800"C, much less  diffusion w a s  observed. 
Therefore, the Si-AI-Si sandwich coating technique should be applicahle to the 
graphite substrate a t  600 "C to enhance silicon crystallinity without significant 
S i c  formation. 
determining the aluminum distribution is solved in the present work with a. 
extra silicon coating as described later. 
In addition, the difficulty encountered in our ear l ier  study in 
Silicon and aluminum wer f vacuum deposited onto graphite and quartz 
using conventional electror beam heating. 
for both Si and A 1. 
rneasu. cment have frcen described elsewhere. '' 
and fused quartz were used. Graphite substrates cut from a rod were used in 
both the unpoli-ked and polished form. 
S i c  paper. 
the latter being used a s  a reference to be compared with the ear l ier  work. 
Substrates were outgassed at  800-900°C before deposition in a vacuum of 1 x 
The deposition rate was ca 4OX/min 
o r  experimental parameters and Auger depth profiling 
Commercial extruded graphite 
The latter was polished on Grit 320 
I 
Both graphite and quartz substrates were used in each deposition, 
Torr.  
An ultrathin Si-Al-Si ( 1 0 0 ~ - 5 0 0 ~ - 1 O O ~ )  sandwich layer was  f i r s t  deposited 
The substrates were onto the substrates which were ueld a t  room temperature. 
then heated to 600°C and a thick silicon film of ca  2000-3090%. was deposited. 
Without further annealing the iubstrates were cooled down to room temperature 
and another layer cf silicon (ca 300i) w a s  depositcd. This last  silicon coating 
is shown to be necessary to prevent the oxidation of aluminum, most of which 
stays near the surface of the film. 
in the aluminum-rich region after exposing the film to air ,  since Si02 tormation 
is restricted to a few r..onolayers. 
mination of the aluminum distribution in the silicon film. 
1 It also eliminates the preaence of SiOz 
This technique allows reliable Auger deter-  
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In ! i s  work we present the X-ray diffraction patterns of the silicon films 
1 
depositL%. on graphite aid quartz. In our earlier work silicon films deposited 
c 1, QL Lr 5 skiowed a highly preferred (1 11) orientation with the 2201 11 1 peak 
intensi ;r -ah0 of ca 10-2096. Transmission electron micrograph of the same 
films s- cwed spot diffraction pattern which implied a lower limit of Sp for the 
bilkor? . -ah sites. Since the same deposition technique is used in both studies, 
+' 
taken zs a measure 4 the crystallinity enhancement over the pure silicon films 
deposited on quartz at 600°C. The latter showed both a powder-Like X-ray 
diffract;on pattern, with 220/111 being c .6m, and diffused electron diffraction 
rings. 
4 
i -z!  of silic 3-1 prefer - L orientation from the 220/111 intensity ratio is 
L 
Figure 1 shows the X-ray diffraction pattern for the silicon films deposited 
Also shown is the X-ray diffraction of a Si film deposited on quartz on graphite. 
which is obtained from t%e same experiment and is used as a reference. The 
220l111 intensity ratio is ca 25% and 16% for the silicon films on graphite and 
quartz, respectively. Unpolished graphite was used in this case. Similar 
results were obtained using polished graphite substrates. These compare very 
well with the earlier work. Also seen in Fig. 1 is the (1 11) peak of aluminum 
which was not observed in our earlier work. This indicates the necessity of the 
described final silico2 coating for the observation of aluminum. Auger depth 
profiles for the same films are  shown in Fig. 2. 
quartz shows a higher concentration of aluminum near the surface than in the 
bulk film. 
graphite, the aluminum concentration stays nearly the same and is lower than 
on quartz. Also observed is the diffusion of both aluminum and silicon into the 
graphite substrate. Quantitative determination of the aluminum distribution in 
graphite is difficult due to the scattering of data and an uncertainty in the 
sputtering rate of graphite. 
Silicon film deposited on 
1 This confirms our earlier observation. For the silicon film on 
The aluminum distributions described above are  consistent with the 
obser-. ation that the aluminum (1 11) peak is more clearly seen in the silicon 
film tm quartz than in the silicon film on graphite. Cz --Jon diffusion from the 
graphi.e subetrate into the silicon film is also shown tc '.e negligible from 
Auger profiling, in agreement with earlier work.2 In several cases silicon 
64 1 
dep-.sition was made with a different Si-Al-Si sandwich coating. Using a Si-Al- 
Si (lOd-5Od-lOd) sandwich coating, the silicon Z Z O / l l i  intensity ratio waa 
found to be similar to that using the Si-AI-Si c l o d - s o d - I d )  coating. 
In summary, our results indicate that, using graphite substrates. an 
enhancement in silicon crystallinity can be obtained which ic urnparable to that 
using qUslrtx substrates. Carbon diffusioa into the silicon film is shown to be 
negligible at a substrate temperature of 600°C. Silicon diffusion in- the graphite 
3 substrate is also low compared with that at 1200°C substrate temperature. 
Furthermore, graphite in the unpolished form gives enhancement in silicon 
crystallinity similar to that on polished graphite. This may prove to be a further 
favorable economic factor in using graphite as a substrate material for silicon 
thiQ f i l m  solar cells. 
This work was supper-ed by the U. S. Energy Research and Development 
Administration. 
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FIGURE CAPTIONS 
Fig. 1. X-ray diffraction patterns for the silicon films deposited on (a) graphite, 
and (b) quarte, using the Si-Al-Si sandwich coating technique. 
Fig. 2. Auger dep+A profiles for the silicon fiLms deposited on (a) graphite 
(a) graphite, and (b) quartz, using the Si-Ai-Si sandwi h coating 
technique Sputtering rate of the silicon films is ca 50 'ii /min for (a) 
and ca 30 A /min for (b). 
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Electron Energy Loss Spectroscopy of the Silicon (1 11) Surface 
The motivation behind this study is mainly two-fold: 
(1)- In dealing with the usual bulk properties of solids. one always 
assumes having a crystal  with translation symmetry so that one 
lbever has to worry about surface effects. However. when we study 
a specimen using a probe which is sensitive to a few atomic layers. 
or when we have a specimen whicb has a large surface-to-volume 
ratio such as a thin film or micro-particle. surface effects become 
important. 
and how they differ f rom those of the bulk. 
In order for  silicon solar cells to be  economically competitive with 
conventional energy sources. we are forced to consider using thin 
silicon f i lms because of high material cost. 
are faced with several problems which lower the efficiency con- 
siderably. vis. (a) film-substrate diffusion, i n  which the substrate 
material can diffuse into the film and hence increases  the resistive 
losses. (b) imperfections and grain boundary scattering and trapping 
and (c) dominant surface effects because of la rge  surface-to-volume 
ratio. It turns out that the existence of the surface introduces sur-  
face states which can act as electron traps, thereby decreasing the  
conversion efficiency. Therefore, our  a im is to remove all such 
surface traps. 
ledge of what these surface states are and where they are located 
i n  the band structure,  because the effectiveness of a surface s ta te  
as an electron t r a p  depends cri t ically on its location in the band 
structure. (In fact ,  the c loser  the state is to the mid-gap region. 
the more  effective i t  is as a trap.)  Once the location is known, we 
can then proceed on to introduce some impurities on the surface 
and study the effects of such impurities on the surface and study 
the effects of such impurities on the surface states. One such 
impurity we have studied is oxygen. 
It is therefore interesting to see what the effects are 
(2) 
In using thin fibs. we 
However, we cannot do this without a detailed know- 
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Experimental  P r o c e d u r e s  
The  experiment was  performed i n  a n  ion-pumped s ta in less  steel ultra-high 
vacuum system. capable of reaching p r e s s u r e s  of 2 x torr or below. The  
spec imen w a s  a 2500 ohm-cm p-type sil icon c r y s t a l  oriented along the  (1  11) 
direction, which w a s  polished and degreased  p r i o r  to introduction into the cham-  
ber. 
at a p r imary  energv  of 100 eV with a resolution of approximately I eV. 
higher p r imary  energy, we have a f a i r ly  goad understanding of the energy  loss 
process, but with a poorer resolution. The  reverse is t r u e  for low p r i m a r y  
energ ies .  The present  choice is considered to be  optimum as f a r  as the loss 
process, resolution. relative contributions from the bulk and the su r face  are 
concerned . 
The loss spec t roscopy w a s  performed by PHI 15-256 Auger e lec t ronics  
At a 
Two su r face  s t r u c t u r e s  have been studies, via. the d isordered  su r face  
and the (2x1) surface.  
whereas  the latter w a s  obtained by cleavage at room tempera ture .  
spectra w e r e  observed as a function of exposure  to oxygen. which w a s  introduced 
to the sys t em by means  of a leak  valve. 
The f o r m e r  w a s  obtained by a rgon  ion  bombardment 
The loss 
Resul t s  81 Discussion 
The r e su l t s  we  obtained b e a r  close resemblance  to those of Rowe and 
Ibach on the silicon (1 11) - 7x7 sur face .  
of the silicon ( 1  11) - 2x1 su r face  as a function of oxygen exposure.  
surface,  bulk and sur face  plasmons w e r e  observed at loss ene rg ie s  of 16.5 eV 
and 10.6 eV respectively. 
Three su r face  state transit ions w e r e  observed, vie. SI at 2. 5 eV, S2 a t  7 . 4  eV 
and S3 at 14. 5 eV, which w e r e  a180 found on the Si( 11 1) - 7 x 7 surface,  at 
slightly different energ ies .  
tion energy loss spectroscopy is lost in  the elastic background: however, 
according to a recent  theoretical  calculation on the 2 X L  su r face  the So and S1 
t rans i t ions  have similar initial states and are therefore  d i rec t ly  cor re la ted .  
By exposing the su r face  to oxygen, the S and S transit ions practically d isappear  
In Fig. 1, we show the loss spectra 
On t h e  c lean  
The  5 eV transit ion is possibly a bulk transition. 
The So transit ion at - 0 . 6  eV as seen  in  high resolu- 
2 
1 3 
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at a coverage of 0.1 monolayer, while S increases .  Combination with UPS 
data  shows that th i s  is probably due to a n  oxygen transition. 
0 .  5 monolayer. the plasmon peak sp l i t s  and th i s  is c l ea r ly  observable at 
8 = 0.65.  The effect w a s  explained by Rowe and Ibach as due to a n  oxygen 
transit ion close to the su r face  plasmon peak. One also notices a continuous 
shift of the bulk plasmon peek towards higher ene rg ie s  at increasing oxygen 
coverage. 
established at monolayer coverage. 
transition. 
2 
At a coverage  of 
3 
A t  the  same time, a loss peak at 3.3 eV appea r s  and becomes well 
This  c a n  also be attributed to a n  oxygen 
The loss spec t rum obtained on the c lean  d isordered  sil icon (111) sur face  
is identical to that obtained by Rowe and Ibach. 
as a function of oxygen exposure is s i m i l a r  to that on the (2x1) and (7x7) s u r -  
faces. except f o r  one important difference, viz. the plasmon splitting is observ- 
able at a much lower  coverage  of -0.1-0.2 monolayer. 
electric theory, this is probably due to the l a r g e r  energy  f o r  the oxygen t rans i -  
tion (11. 5 eV instead of I t  aV on the 7x7 surface). 
because both on the (7x7) and (2x1) sur faces ,  the s t r u c t u r e s  aye relaxed to have 
s t ronge r  back-bonds, leaving a positive weaker  potential (due to the silicon ion) 
on the vacuum s ide  of the interface. 
on the re la t ive  potential s t rengths  under different surf;  ~ conditons. 
The  variation of the  spec t rum 
According to the die- 
This  is physically reasonable 
Therefore,  ELS C:s.es us fu r the r  information 
r 
F u t u r e  Studies 
F r o m  these  studies, one obse rves  that on the d isordered  and the (2x1) 
su r faces  one monolayer of oxygen is ve ry  effective in removing su r face  states 
and t h e  states i t  introduces are deep  in the  valence band. 
that the Si-0 system is not ve ry  stable. 
possible, but will pose difficulties i n  making electrical contacts to the surface,  
whish are necessa ry  in  so l a r  sell fabrications. So, we are now diverting ou r  
attention toward the  Si-A1 sys tem.  Aluminum, besides being a conductor and 
a c?opant, has been used successfully to enhance c r y s t a l  growth of silicorl f i lms  
4 at 6OO0C, 
T h e  only drawback i a  
Stabilization by fu r the r  oxidation is 
and is therefore  a n  intereeting ma te r i a l  to pursue. 
645 
A t  t h e  same time, we are looking into the possibility of using LEED 
rotation diagrams aa a means of locating surface states, both occupied and 
empty in the band structure,  by using a recent theory on t h e  effects of surface 
states on LEED measurements.  This, together with the resu l t s  f rom ultra- 
violet photoemission studies will give us  a complete picture of the sur face  states 
in silicon. of different surface s t ruc tures  and with different adsorbates. 
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Phosphorus Segregation i n  Single Crys t a l  Silicon 
A 1 in. d iameter ,  p-type, 2. 5K 8-cm sil icon single c r y s t a l  wafer  was  
diffused at 1000°C with phosphorus f o r  14 hrs .  
spin-on solution providing a su r face  concentration of about IOzo p/cm3. 
diffudion the wafer  was  cooled i n  air, then etched i n  phosphor-silica e tch  
(1 :I :30. HF:HN03:HZO). 
The source  was a n  Emulsitone 
After 
The sample  was  thereaf te r  placed into an  ultra-high vacuum sys t em and 
outgassed by heating to 800°C f o r  1 hr .  
etched at room tempera tu re  until the auger  spec t rum no longer changed with 
time (Fig.  A). 
After heating. the su r face  was  sput te r  
This  spec t rum shows the presence  of Si02, Si, C. and 0. 
The sample  tempera ture  was r a i sed  to 800°C i n  less than one minute and 
Auger s c a n s  f o r  phosphorus w e r e  taken a t  held at this tempera ture  for 4 min. 
in te rva ls  during the t empera tu re  t r ea tmen t  (Fig.  B). 
and a final auger  trace made (Fig.  C ) .  
The sample  was  cooled 
F i g u r e  B shows t h e  phosphorus signal as a function of t ime and temper-  
a ture .  It indicates 1) that phosphorus seg rega te s  to the su r face  and 2) that the 
equilibrium concentration of phosphorus on the su r face  is a fcnction of sample  
tempera ture .  
changes. 
F igu re  C shows the increased  phosphorus signal but no other  
647 
648 
.
.
 
U
 
C
 
0
 
0
 
649 
0 
Fig. 2 
650 
r 
I 
z 
. 
b 
e 
e 
c 
X B L  756-6475 
Fig. 2 cont. 
651 
652 
FIG A. 
AUGER SPECTRUM OF SPUTTERED SURFACE 
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SURFACE SEGfEGATION OF PHOSPMUS 
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I would like to make a comment on an item listed under prog 
the influence of surfaces on sheet formation. 
EFG - like proceeses clearly place a very strong emphasis onto an unstable 
and little understoo.5 region: the meniscus, bnd consequently a majority of 
present ERDA dealiiaee tester and wobble with the rise and fall of the 
meniscue from the High M e ~ ~ U 8  Mode ( W M )  to the Low Meniecudl Mode 
Bbjectitte 8: 
(LMM). 
The form and the stability of the meniscus depend critically on surface 
tension, a phenomi. non delicately depending on surface composition and 
chemiatry. Surfact, cornposition at this point wil l  be fluctuatincr rind un- 
predictable, eincs all the impurities dissolved in the melt v, !lit to 
eegregate out at this point, where there are but two places trt 
the surface and to the interfaces ( twinning) which the ribbon probably 
creates for itself to store away the excess impurities which it cannot 
segregate onto !he surface, and which it cannot reject into the remaining 
liquid through the bottleneck of the capillary. 
e .  to 
If my surface ~" rence  perspective ie correct, then 
1) the sheet euriiwc is high in impurities ( Sic crystals are growing ;here) 
2) the twinning surfaces are '.'gh in impurities ( Dr. Mhfsky's SEM tlata 
indicate this) 
3) significant progress wil l  come in size stability and sheet crystallinity 
if the EFG process is run in an atmosphere capable of removing at the 
meniscus surface any impurities that might be segregating there. Under 
these clean surface conditioner 
It should be easier to prcrdk ;e a thin ( 100, :I,) film than 8 thick one, because 
the very property of tl-e surface, to segregate impurities, has been turned 
to a constructive advantage. 
I certainly wou' 
whether not any starting mate: ial of higher impurity might wreck the 
EFG process entirely, uriess one takes the position that things cannot 
possibly get worm tfxn they are. 
I make this poi?'.; proceeees a d  products of high eurface to volume ratio 
a m  co- t rdhd  by surface effects. 
etable surface tension would be established. 
not treat lightly the question raised by Joe Morabito, 
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RIBBOtd STARTS 
imptities eeateltate, but return to malt i a  blocked 
### in  contrast to C:achtalsky, ribbon Impurity concentration=mci- conc. 
UlPURITIES SrpCKEcATe WA'O NENISCUS SURFACE 
Surface tenston changes, Fleniscua changes shape. Surfaces saturates 
Bulk saturates,  reliefs by creating large nuatbet of grain and twin 
bourularlee onto which Ampurities can he depomited..Aad SIC RraSnc, . 
Repeat 
### periodic fluctuations in shape, crystal  perfection and impur 
(Kressel et 81.) Bowdaries loaded wi th  Impurities ( Nlafsky's 43) 
C U R E  
Zone refining process with impurity removal from surface. 
Choose large surface to volume ratio ( 100 
with corrosive gas. 
Do W t  try d i r t y  ailicon. 
) and UN!I, and purw 
## kleniecus stable 
Purity stable 
BRDA stable. 
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